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METHOD, SYSTEM AND COMPUTER
PRODUCT FOR K-SPACE CORRECTION OF
GRADIENT NON-LINEARITIES

BACKGROUND OF THE INVENTION

The field of the 1invention 1s nuclear magnetic resonance
imaging methods and systems. More particularly, the inven-
tion relates to a method for correcting for gradient non-
linearities 1n k-space. It will be appreciated, however, that
the 1nvention 1s also amenable to other like applications.

Magnetic resonance imaging (MRI) 1s a diagnostic imag-
ing modality that does not rely on 1onizing radiation.
Instead, 1t uses strong uniform static magnetic fields, radio-
frequency (RF) pulses of energy and magnetic field gradient
wavelorms. More specifically, MRI 1s a non-invasive pro-
cedure that uses nuclear magnetization and radio waves for
producing internal pictures of a subject. Data concerning an
area of interest on the subject under mvestigation 1s acquired
during repetitive excitations of the magnetic resonance
(MR) device.

When utilizing MRI to produce images, a techmique 1s
employed to obtain MRI signals from specific locations 1n
the subject. Typically, the region that 1s to be imaged (region
ol interest) 1s scanned by a sequence of MRI measurement
cycles, which vary according to the particular localization
method being used. The resulting set of received nuclear
magnetic resonance (NMR) signals are digitized and pro-
cessed to reconstruct the image using one of many well-
known reconstruction techniques. To perform such a scan it
1s necessary to discriminate NMR signals from specific
locations 1n the subject. This 1s accomplished by employing
gradient magnetic fields denoted G, G, and G,_. A magnetic
field gradient 1s a variation in the magnetic field with respect
to position along the x, v and z axes. By controlling the
strength of these gradients during each NMR cycle, the
spatial distribution of spin excitation can be altered and the
location 1s encoded 1n the resulting NMR signals.

MRI uses time-varying gradient magnetic fields to encode
spatial position in the received NMR signal. I the gradient
fields are linear, it can be shown that the received NMR
signal 1s equal to the value of the Fournier transform of the
imaged object at some spatial frequency, and the received
signal over time maps to a trajectory through spatial-
frequency space, or k-space. The trajectory path 1s deter-
mined by the time integral of the applied gradient wave-
forms. Each data point of the NMR signal indicates the
phase and amplitude of a spatial frequency and a full
experiment yields a set of observed data points that specily
the NMR 1mage as the sum of these weighted spatial
frequencies. More succinctly, a complete set of MRI data
samples k-space sufliciently to allow reconstruction of the
imaged object via the mverse Fourier transform. This rela-
tion between received NMR signal and spatial-frequency
space has led to the development of the theory of Fourier
imaging which has been applied to and forms the basis of
much of NMR 1maging.

Fourier imaging relies on linear gradients. Truly linear
gradient magnetic fields are infeasible due to constraints on
physical space within the main magnet, gradient heating
limits, and other practical considerations. In practice, gra-
dients are not spatially linear. Using Fourier reconstruction
on data acquired with non-linear gradients can result 1n
image artifacts. Non-linear gradients can cause a spatially
variant 1mage distortion and a low-frequency amplitude
modulation. If the perturbation from a linear field 1s known,
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then the distortion and the modulation can be corrected. The
modulation can be corrected by multiplying the resulting
images by the inverse of the modulation function. The
distortions can be corrected by generating a new 1mage
based on values interpolated from the original image. This
image-based correction of gradient non-linearity 1s known as
gradwarp and 1s described in Glover et al. 1n U.S. Pat. No.
4,591,789. It requires not only that the gradient non-linearity
be known, but that 1t be temporally constant over the course
of an experiment. One situation where this approach does
not work 1s the reconstruction of NMR data from a sample
that 1s moving through the MRI system. In this case,
although the non-linearity 1s constant relative to the magnet
coordinates, the non-linearity varies relative to the sample
coordinates (and thus the image coordinates) as the sample
moves through regions of varying gradient linearity.

Stepped or continuous table motion can be used to 1mage
a field of view (FOV) larger than the region of mstrument
sensitivity. Data acquired at different table positions, can be
combined to form a single 1image. Any variations 1n gradient
linearity 1n the direction of table motion will result in 1mage
artifacts. Typically, these artifacts are avoided by limiting
data acquisition to the most linear region of the gradient
fields. This restriction limits the maximum table velocity. If
the limits on data acquisition could be relaxed, scan times
could be reduced significantly. Traditional 1mage domain
methods to correct for gradient non-linearities are 1ncom-
patible with the moving table methods since data 1s acquired
at a range of table positions.

BRIEF DESCRIPTION OF THE INVENTION

One aspect of the invention 1s a method for reconstructing
a moving table MR 1mage. The method comprises receiving
an input array that includes a plurality of uncorrected
k-space data points. The method further comprises clearing
a summation array. For uncorrected k-space data points 1n
the 1input array the following steps are performed. A kernel
associated with the uncorrected k-space data point 1is
obtained. Corrected data 1s created in response to the uncor-
rected k-space data point, the mput array and the kernel.
Creating the corrected data includes correcting the uncor-
rected k-space data point for gradient non-linearities, where
the correction 1s performed 1n k-space, and correcting the
uncorrected k-space data point for table movement. The
corrected data 1s added into the summation array. The image
1s reconstructed in response to the data in the summation
array.

Another aspect of the mvention 1s a method for recon-
structing a moving table MR image. The method comprises
receiving an mput array that includes a plurality of uncor-
rected k-space data points. The image of the sample 1s
reconstructed in response to the plurality of uncorrected
k-space data points and 1s derived by the formula:

mir) =

FT! {Z M’ (jo)(expli2nig (1) K)IS() * (expli2n(p(r)- k)] B j.;r}k))ﬂ}.

t=T

FT~ is the inverse Fourier transform, M'(j(t)) is one of said
plurality of uncorrected k-space data points written in
1-space form, q'(t) 1s the position of the sample at time t
minus the position of a coil at time t, k 15 the k-space data
point, S(k) 1s a sensitivity factor, p(t) 1s the position of the
sample at time t, and B, (k) 1s a kernel associated with the
uncorrected k-space data point.
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Another aspect of the invention 1s a system for recon-
structing a MR 1mage. The system comprises a MRI system
that includes at least one gradient coil, at least one RF coil,
a moving table and an iput array that includes a plurality of
uncorrected k-space data points. The system also comprises
a computer system in communication with the MRI system
including application software to implement a method. The
method comprises receiving said mput array and clearing a
summation array. For uncorrected k-space data points in the
input array the following steps are performed. A kernel
assoclated with the uncorrected k-space data point is
obtained. Corrected data 1s created 1n response to the uncor-
rected k-space data point, the mput array and the kernel.
Creating the corrected data includes correcting the uncor-
rected k-space data point for gradient non-linearities, where
the correction 1s performed 1n k-space, and correcting the
uncorrected k-space data point for table movement. The
corrected data 1s added into the summation array. The image
1s reconstructed in response to the data in the summation
array.

A further aspect of the invention 1s a system for recon-
structing a MR 1mage. The system comprises a computer
system that includes application software to implement a
method. The method comprises receiving an input array that
includes a plurality of uncorrected k-space data points. The
method further comprises clearing a summation array. For
uncorrected k-space data points in the mput array the
following steps are performed. A kernel associated with the
uncorrected k-space data point 1s obtained. Corrected data 1s
created 1n response to the uncorrected k-space data point, the
mput array and the kernel. Creating the corrected data
includes correcting the uncorrected k-space data point for
gradient non-linearities, where the correction 1s performed
in k-space, and correcting the uncorrected k-space data point
for table movement. The corrected data 1s added into the
summation array. The image 1s reconstructed in response to
the data 1n the summation array.

A further aspect of the invention 1s a computer program
product for reconstructing a MR image. The computer
product comprises a storage medium readable by a process-
ing circuit and storing instructions for execution by the
processing circuit for performing a method that comprises
receiving an mput array that includes a plurality of uncor-
rected k-space data points. The method further comprises
clearing a summation array. For uncorrected k-space data
points 1n the input array the following steps are performed.
A kernel associated with the uncorrected k-space data point
1s obtained. Corrected data 1s created in response to the
uncorrected k-space data point, the mput array and the
kernel. Creating the corrected data includes correcting the
uncorrected k-space data point for gradient non-linearities,
where the correction 1s performed 1n k-space, and correcting,
the uncorrected k-space data point for table movement. The
corrected data 1s added 1nto the summation array. The image
1s reconstructed in response to the data in the summation
array.

Further aspects of the invention are disclosed herein. The
above discussed and other features and advantages of the
present mvention will be appreciated and understood by
those skilled 1n the art from the following detailed descrip-
tion and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring to the exemplary drawings wherein like ele-
ments are numbered alike in the several Figures:

FIG. 1 1s a block diagram of an exemplary MRI system
which employs the present invention;
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4

FIG. 2 1s an exemplary process for correcting for non-
linear gradients 1n k-space; and

FIG. 3 1s an exemplary process for pre-computing kernels.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

FIG. 1 1s a block diagram of an exemplary MRI system
which employs the present invention. Shown 1n FIG. 1 are
the major components of an exemplary MRI system which
incorporates the present invention. The operation of the
system 1s controlled from an operator console 100 which
includes a keyboard and control panel 102 and a display 104.
The console 100 communicates through a link 116 with a
separate computer system 107 that enables an operator to
control the production and display of images on the screen
104. The computer system 107 includes a number of mod-
ules which communicate with each other through a back-
plane. These include an image processor module 106, a CPU
module 108 and a memory module 113, known 1n the art as
a frame bufler for storing 1mage data arrays. The computer
system 107 1s linked to a storage device 111 for storage of
image data and programs, and it communicates with a
separate system control 122 through a network connection

such as a high speed serial link 115.

In an exemplary embodiment, the system control 122
includes a set of modules connected together by a backplane.
These 1nclude a CPU module 119 and a pulse generator
module 121 which connects to the operator console 100
through a network connection such as a serial link 125. It 1s
through this link 125 that the system control 122 receives
commands from the operator which indicate the scan
sequence that 1s to be performed. The pulse generator
module 121 operates the system components to carry out the
desired scan sequence. It produces data which indicates the
timing, strength and shape of the RF pulses which are to be
produced, and the timing of and length of the data acquisi-
tion window. The pulse generator module 121 connects to a
set of gradient amplifiers 127, to indicate the timing and
shape of the gradient pulses to be produced during the scan.
It 1s also through the scan room interface circuit 133 that a
patient positioning system 134 receives commands to move
the patient to the desired position for the scan. In an
exemplary embodiment of the present invention, the patient
1s positioned on a table 163 that 1s moving continuously at
a constant velocity. A number of 1mage fields, or sub-Field
of Views (FOVs) taken of the patient as the table 163 1is

moving may be combined to form a whole body image.

The gradient wavetorms produced by the pulse generator
module 121 are applied to a gradient amplifier system 127
comprised of Gx, Gy and Gz amplifiers. Each gradient
amplifier excites a corresponding gradient coil 1n an assem-
bly generally designated 139 to produce the magnetic field
gradients used for position encoding acquired signals. The
gradient coil assembly 139 forms part of a magnet assembly
141 which includes a polarizing magnet 140 and one or more
RF coils 152. The polarizing magnet 140, gradient coils 139,
and RF coils 152 cover a portion of the patient’s body at one
time. For example, the largest image field, or sub-FOV, may
be forty-e1ght centimeters because 1t may only be possible to
get a signal from a forty-eight centimeter volume 1n the
center of the polarizing magnet 140. In order to make whole
body 1mages using a continuously moving table 163 and a
number of sub-FOVs, the reconstruction of the image com-
bines the data to form a single consistent image without
discontinuities. A transceiver module 150 1n the system
control 122 produces pulses that are amplified by an RF
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amplifier 151 and coupled to one or more RF coils 152 by
one or more transmit/receive switches 154. The resulting
signals radiated by the excited nucle1 1n the patient may be
sensed by the same RF coil(s) 152 and coupled through the
transmit/receive switch(es) 154 to a preamplifier 153. The
amplified NMR signals are demodulated, filtered, and digi-
tized 1n the receiver section of the transceiver 150. The
transmit/receive switch(es) 154 i1s controlled by a signal
from the pulse generator module 121 to electrically connect
the RF amplifier 151 to the coil(s) 152 during the transmait
mode and to connect the preamplifier 153 during the receive
mode. The transmit/receive switch(es) 154 also enables a
separate RF coil(s) (for example, a head coil or surface coil)
to be used 1n either transmit or receive mode.

The NMR signals picked up by the RF coil(s) 152 are
digitized by the transceiver module 150 and transferred to a
memory module 160 in the system control 122. As the scan
1s completing and subarrays of data from the subFOVs are
acquired in the memory module 160, the 1image 1s recon-
structed 1n accordance with the teachings of the present
invention. In moving table acquisitions, the array of data can
be broken down 1nto a number (e.g., 20) of sub-FOVs. Each
sub-FOV 1s made up of a number (e.g., 256 1n the case of 2D
imaging or 4,096 (256x16) for 3D imaging) of individual
frames. In an exemplary embodiment a frame could be made
up of two hundred and fifty-six (256) data points. In
response to commands received from the operator console
100, the image data may be archived on the tape drive 112,
or 1t may be further processed by the image processor 106

and conveyed to the operator console 100 and presented on
the display 104.

An exemplary embodiment of the present invention 1s
depicted i FIG. 2. FIG. 2 includes a k-space based correc-
tion method that 1s compatible with moving-table algo-
rithms. First, the following assumptions are made:

(1) r 1s a position vector representing space in the image
domain and represented as r=<x,y,z>;

(2) m(r) 1s the spin density of an object to be imaged and
represented as m(r)=m(X,y,z)e Image; and

(3) the Fourier transform of the spin density of an object

to be 1imaged 1s represented as M(k)=M(kx,ky.kz).
In addition, the assumption that the gradients are linear 1s
relaxed and the assumption 1s made that the gradient
strength as a function of space and time can be expressed as:

G(n)=g ()G (1)+g, (1) G, (r)+g.(1) G.(7)

where g (1) 1s the current applied by the amplifier 127 to
the x gradient as a function of time t and G (r) 1s the
strength of gradient of the x gradient as a function of
position r. And likewise for the y and z gradients.
Since the gradients are no longer assumed to be linear, the
encoding functions will no longer be limited to pure spatial
frequencies.
In the following formulas the resulting space 1s referred to
as j-space to avoid confusion with standard k-space. A
1-space data point 1s the same as an uncorrected k-space data
point. Also, in the following formulas “*” represents the
convolution operation and “¢” represents a dot product
operation. Assuming the following data:

integrals of the gradient wave forms:
JO=(2m) [ ' g ()’
JD=(y/2m) [ ,'g,(r)dr’, and

JAO=(y127) | g (£)dl’
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where v 1s the gyromagnetic ratio of the particle;
a ]-space trajectory:

JO=<7(0),7,(),/.(2)>; and

an MR signal as a function of the j-space trajectory at a
discrete set of times:

MG(n)|reT
such that the following equation holds:

M (j(0)=] m(r)expl -i20(7.(1) G (") H (DG, (1)) G()) ],

where dr 1s the derivative of position.

The function of the gradients 1s to perform a spatially
dependent modulation of the spins of the object to be
imaged. The function of the reconstruction i1s to create an
image by demodulation of the gradient induced modula-
tions. So long as the set of modulation functions:

1050(F)=expl 1207 (1) G, (r)47, (D) G (1) (DG (W) 1F(D=</,(0) (D),

1s a basis for Image then m(r) can be constructed from

M'((1):

=i reT

Performing a change of basis from the functions b, (r) to
their Fourier transtormed counterparts B, (k), where

Bjiny(k) = FT{b jiy(r)}

= fbﬁr}(r)exp[—fi’frk-r]ﬁﬂx
results 1n:
M(k)= > M’ (j(0)Bj(k)
teT
The calculation of the corrected image m(r) can be

represented mathematically as:

m(r) = FT ' {M(k)}

- FTl{Z M’ (j()B i) (k) ¢

ted Y,

where FT™' is the inverse Fourier transform function.
The corrected 1mage, m(r) can be stored in the storage
device 111.

This calculation of m(r) can be mmplemented by an
embodiment of the present imvention using the process
depicted 1n FIG. 2. At step 202, an uncorrected k-space data
point from an array or FOV of observed NMR signals 1s
obtained. Next, at step 204, the pre-computed kernel, B,
(k), that 1s associated with the uncorrected k-space data point
1s either calculated or looked up 1n a precomputed table. At
step 206, the kernel 1s weighted and phased by the acquired
data at this point 1n k-space and the current FOV, resulting
in the value denoted as M(k). In other words, M(k) 1s made
up of a band of spatial frequencies that are created when the
uncorrected k-space data point 1s regridded with the spatially
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varying kernel. This process 1s referred to as applying
gradwrap in k-space since 1t 1s the k-space dual of applying
gradwarp 1n 1image space.

One kernel, B, ,(k), 1s required for each point in uncor-
rected k-space. Pre-computing the kernels, with the ability to
recall them quickly, can save on computation time. As
shown above, the kernels are pre-computed by Fourier
transforming the warped spatial frequencies before recon-
struction. The kernels are pre-computed based on the
expected acquisition dimensions and resolutions. FIG. 3,
described below 1s an exemplary embodiment of a process
for pre-computing the kernels.

Referring to FIG. 2, at step 208 the corrected k-space data
point, also referred to as the weighted and phased kemel,
M(k), 1s added to the sum of the previous weighted and
phased kernels in the FOV. As indicated by step 210, this
process of getting an uncorrected k-space data point M'(y(t))
at step 202 through adding to the sum of weighted and
phased kemnels at step 208 1s repeated for uncorrected
k-space data points within the FOV. At step 212, the inverse
Fourier transtorm of the summation, or the corrected image,
m(r), 1s calculated.

The method described 1n reference to FIG. 2 can be used
to reconstruct an 1image of a sample moving at a uniform
velocity through regions of varying gradient linearity. In an
exemplary embodiment, under the assumptions above,
assume: the sample 1s moving such that 1ts position at time
t 1s p(t); and a (potentially moving) coil(s) at position q(t)
with limited spatial region of sensitivity s(r—q(t)). The
observed MR signal 1s:

M ((@))=] m(r-p(D)s(r-q(1))b;,(r)dr

If r'=r—p(t), and q'=p(t)-q(t) then:

MG(@0)=] m(r)s(r+q' ()b, (r+p(1))dr".

Therefore, m(r) can be reconstructed from M'(j(t)) as fol-
lows:

mr) = > M'(O)s(r + ()b (r' + p()

tcT

Again, performing a change of basis from b, ,(r) to B, (k)
where:

(ﬂXPEf ;)2)3;(? (@) k) JS(R))* (expli27u(p (1) k) 1By (k))=F T s (r+q' (1)) by (14
Py,

where (exp|12mt(p(t)-k)] corrects the kernel for the motion,
expl12m(q'(t) k) [S(k) is a sensitivity factor, and B, (k) 1s the
original kernel;
results 1n:

M (k) = Z M’ (j(0)((expliZr(g (1) - k)]S(K)) = (exp[i2n(p(r) - K)]B i1y (k)
teT

and

mir) =

FT {Z M’ (j@)(expli2r(g (1) k)]S(k)) = (expliZn(p(2) - k)] B (k)))}-

tcT

The sensitivity factor 1s a function of space and accounts
tor the fact that with moving table reconstruction, the whole
sample 1s not within the region of mstrument sensitivity at
cach point 1n time. Stationary table acquisitions require one
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k-space traversal to obtain a FOV that corresponds to one
image. In contrast, moving table acquisitions require several
k-space traversals to obtain several corresponding sub-
FOVs which are combined to make up one image. The
values of the kernels are the same for both moving table
acquisitions and {ixed table acquisitions.

An 1mportant point in an exemplary embodiment of this
reconstruction technique 1s the assumption that the modu-
lation functions form a basis for the space of images. This
requires two conditions. First, that the subspace of images 1s
a subspace spanned by the set of functions. And second, that
the functions be independent. For example, the Nyquist
criterion specifies the first condition for the case of linear
gradients and “bandwidth limited” objects. As an example of
the second condition, acquisition techniques such as non-
monotonic gradients and multiple coils can result 1n modu-
lation and/or sensitivity patterns that are not linearly inde-
pendent. This second condition can be solved by pre-
processing the j-space data and j-space modulation functions
to form a linearly independent set of basis functions. The
same considerations concerning k-space trajectories and
regridding that apply to Fourier imaging apply to this
generalization. In the case of moving table 1maging, the
modulation functions, relative to the object coordinates,
must form a basis for the space of images.

In an exemplary embodiment of the present invention a
consideration 1s the size of the convolution kernels. The
computational efliciency of this technique relies on the
ellicient computation of:

((expli2n(q'(2) k) |ST))* (expl i 2m(p () k) 1B, (K))).

To the extent that the gradients are approximately linear, the
tunctions b, ,(r) are approximately pure sp:atial frequencies
and thus the functions B, (k) are approximately zero for

most of their range. This makes 1t feasible to pre-compute
B, (k) for te T. Alternatively B, , (k) can be simplified as:

B (k) = FT{bj(r}(f’)}

= FTiexpli2n( (DG (r) + j, (DG, (r) + j (DG (1)}

= FTexpliZn (DG (r)]exp [i270, ()G (r)]exp [27 j, (DG (r)]}

= FT{expli2n j (NG (r)]} = FT{expli2n j, ()G, (r)]} =
FlexpliZn j,(DG,(r)])

= Bx,j(r} (K) = By,j(r}(k) #* Bz,j(r}(k)

where

B, jo(k)=FT{expli2nj, (1) G, ()]},

B, io(k)=FT{expli2nj ()G, ()]}, and

B, jo(R)=FT{expli2nj () G.(r)]}-

In an exemplary embodiment of the present invention, these
functions can be pre-computed for appropriate values of
1.(1), 1,(1), and j(t). Pre-computing these kernels, B, (k).
B, »k) and B_,,(K), ‘and st(?ring them 1n storage where
they can be recalled quickly will save processing time. FIG.
3 1s an exemplary embodiment of a process for pre-
computing the kernels. At step 302 a k-space data point 1s
acquired from the FOV. The k-space data point 1s then
transformed 1nto its pure spatial frequency by applying the
inverse Fourier Transform at step 304. Next, at step 306 the
warped spatial frequency 1s calculated by applying gradwarp
to the pure spatial frequency. At step 308 the Fourier
transform function 1s applied to the warped spatial fre-
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quency. The resulting transtormed warped spatial frequency
1s stored as the kernel belonging to the k-space data point at
step 310. This loop from getting a k-space data point at step
302 through storing the associated kernel at step 310 1is
performed for k-space data points in the FOV as indicated by
step 312. Finally, a table of kernels, indexed by k-space
location 1s returned at step 314.

By pre-computing the kernels, it 1s possible to acquire and
reconstruct 1mages in an eflicient manner. The scan time
required to 1mage an extended FOV using a continuously
moving table 1s determined by the table velocity. The
maximum velocity 1s limited by the scanner volume that can
be utilized for data acquisition. By correcting for gradient
non-linearity, useful volume can be expanded and shorter
scan times can be achieved.

Since 1t can be applied 1n the k-space domain, and since
the correction can be chosen on a per data point basis,
k-space correction has a wide range of practical applicabil-
ity. This 1mcludes applicability to 2D and 3D moving table
imaging. It can also be extended to correct for similar
artifacts such as spatially dependent eddy currents (e.g., BO)
to which 1mage based gradwarp cannot be applied. Further
extensions include, but are not limited to: multiple coils
including coils moving relative to the gradients and the
object; different numbers of gradients; eddy current correc-
tions via the appropriate b, (r); generalization of motion to
include rotation; and a term for receive filters.

Although the preceding embodiments are discussed with
respect to medical imaging, 1t 1s understood that the 1image
acquisition and processing methodology described herein 1s
not limited to medical applications, but may be utilized in
non-medical applications.

As described above, the embodiments of the invention
may be embodied in the form of computer-implemented
processes and apparatuses for practicing those processes.
Embodiments of the invention may also be embodied 1n the
form of computer program code contaiming instructions
embodied in tangible media, such as floppy diskettes,
CD-ROMSs, hard drives, or any other computer-readable
storage medium, wherein, when the computer program code
1s loaded 1nto and executed by a computer, the computer
becomes an apparatus for practicing the invention. An
embodiment of the present invention can also be embodied
in the form of computer program code, for example, whether
stored 1n a storage medium, loaded 1nto and/or executed by
a computer, or transmitted over some transmission medium,
such as over electrical wiring or cabling, through fiber
optics, or via electromagnetic radiation, wherein, when the
computer program code 1s loaded mnto and executed by a
computer, the computer becomes an apparatus for practicing
the invention. When implemented on a general-purpose
microprocessor, the computer program code segments con-
figure the microprocessor to create specific logic circuits.

While the invention has been described with reference to
exemplary embodiments, 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereot without
departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular situation or
maternal to the teachings of the invention without departing
from the essential scope thereof. Therefore, 1t 1s intended
that the invention not be limited to the particular embodi-
ment disclosed as the best mode contemplated for carrying
out this invention, but that the invention will include all
embodiments falling within the scope of the appended
claims. Moreover, the use of the terms first, second, etc. do
not denote any order or importance, but rather the terms first,
second, etc. are used to distinguish one element from
another.
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What 1s claimed 1s:
1. A method for reconstructing a MR image, the method
comprising;

recerving an nput array including a plurality of uncor-
rected k-space data points;

clearing a summation array;

for an uncorrected k-space data point in said mput array
performing steps that include:
obtaining a kernel associated with said uncorrected
k-space data point from a pre-computed kernel or a
look-up table of kernels;
creating corrected data in response to said uncorrected
k-space data point, said input array and said obtained
kernel, wherein said creating includes:
correcting said uncorrected k-space data point for
gradient non-linearities, wherein said correcting 1s
performed 1n k-space; and
correcting said uncorrected k-space data point for
table movement; and
adding said corrected data into said summation array;
and

reconstructing the 1image in response to said summation

array.

2. The method of claim 1 whereimn said correcting said
uncorrected k-space data point for gradient non-linearities
includes replacing said uncorrected k-space data point with
said kernel that has been weighted and phased 1n response to
said uncorrected k-space data point.

3. The method of claim 1 whereimn said correcting said
uncorrected k-space data point for table movement includes:

correcting for sensitivity; and

correcting for motion.
4. The method of claim 1 wherein said pre-computed
kernel 1s obtained by a method including:

identifying a k-space location that corresponds to said
uncorrected k-space data point;

transforming said k-space location into its pure spatial
frequency;

calculating a warped spatial frequency 1n response to said
pure spatial frequency; and

creating said kernel by applying a Fourier transform to
said warped spatial frequency.
5. The method of claim 1, wherein, when said kernel 1s
obtained from said look-up table of kernels, the method
further comprises:

identifying an uncorrected k-space trajectory including a
plurality of k-space locations; and

for a k-space location 1n said uncorrected k-space trajec-
tory performing steps that include:
transforming said k-space location 1nto its pure spatial
frequency;
calculating a warped spatial frequency 1n response to
said pure spatial frequency;
applying a Fourier transform to said warped spatial
frequency; and
storing the result of said applying a Fourier transform
in said table of kernels.
6. The method of claim 1 wherein:

said input array includes a plurality of sub-arrays;

said plurality of sub-arrays are reconstructed to form a
plurality of sub-images corresponding to each said
sub-array; and

said plurality of sub-images are combined to form a full
image.
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7. The method of claim 1 wherein said input array 1s two
dimensional.

8. The method of claim 1 wherein said input array 1s three
dimensional.

9. The method of claim 1 wherein said reconstructing
includes applying an inverse Fourier transform to said
summation array.

10. The method of claim 1 wherein said creating corrected
data includes correcting said uncorrected k-space data point
for eddy currents.

11. A method for reconstructing a moving table MR
image, the method comprising:

receiving an input array that includes a plurality of

uncorrected k-space data points;

reconstructing the image of a sample in response to said
plurality of uncorrected k-space data points, wherein
said reconstructed 1mage 1s:

h

e

Z M’ (j)((expliZn(g’ (1) - k)]S(K)) = (expliZn(p(2) - k)] B jiry (k)

i=rh y,

FT!

A

where FT™" is the inverse Fourier transform, M'(j(1)) is
one of said plurality of uncorrected k-space data points
written 1n j-space form, q'(t) i1s the position of the
sample at time t minus the position of a coil at time ft,
k 1s the k-space data point, S(k) 1s a sensitivity factor,
p(t) 1s the position of the sample at time t, and B, (k)
1s a kernel associated with the uncorrected k-space data
point, said kernel 1s pre-computed or obtained from a
look-up table of kemels.

12. A system for reconstructing a MR 1mage, the system

comprising;

a MRI system including at least one gradient coil, at least
one RF coil, a moving table and an 1mnput array includ-
ing a plurality of uncorrected k-space data points; and

a computer system in communication with said MRI
system including application sofiware to implement the
method comprising:
receiving said input array from said MRI system:;
clearing a summation array;
for an uncorrected k-space data point 1n said input array

performing steps that include:

obtaining a kernel associated with said uncorrected
k-space data point from a pre-computed kernel or
a look-up table of kernels;

creating corrected data in response to said uncor-
rected k-space data point, said mnput array and said
obtained kernel, wherein said creating includes:

correcting said uncorrected k-space data point for
gradient non-linearities, wherein said correcting 1s
performed 1n k-space; and

correcting said uncorrected k-space data point for
table movement; and

adding said corrected data into said summation array;
and

reconstructing the 1mage 1n response to said summation
array.

13. The system of claim 12 wherein said RF coil 1s
moving relative to a gradient and to a subject.

14. The system of claim 12 wherein said moving table
moves at a constant velocity.

15. The system of claim 12 wherein said moving table
moves 1n a linear direction.
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16. The system of claim 12 wherein said moving table
moves 1n a rotational direction.
17. The system of claim 12 wherein said MRI system and
sald computer system are in physically separate locations.
18. The system of claim 12 wherein said MRI system and
said computer system are in the same physical location.
19. The system of claim 12 wherein said MRI system
includes said computer system.
20. The system of claim 12 wherein said MRI system and
said computer system are in communication via a network.
21. The system of claim 20 wherein said network 1s the
Internet.
22. A system for reconstructing a MR 1mage, the system
comprising:
a computer system including application software to
implement a method comprising:
receiving an mput array including a plurality of uncor-
rected k-space data points;
clearing a summation array;
for an uncorrected k-space data point 1n said input array
performing steps that include:
obtaining a kernel associated with said uncorrected
k-space data point from a pre-computed kernel or
a look-up table of kernels;
creating corrected data in response to said uncor-
rected k-space data point, said input array and said
obtained kernel, wherein said creating includes:
correcting said uncorrected k-space data point for
gradient non-linearities, wherein said correct-
ing 1s performed 1n k-space; and
correcting said uncorrected k-space data point for
table movement; and
adding said corrected data into said summation
array; and
reconstructing the image in response to said summation
array.
23. A computer program product for reconstructing a MR
image, the product comprising:

a storage medium readable by a processing circuit and
storing 1nstructions for execution by the processing
circuit for:
receiving an mput array including a plurality of uncor-

rected k-space data points;
clearing a summation array;
for an uncorrected k-space data point 1n said input array
performing steps that include:
obtaining a kernel associated with said uncorrected
k-space data point from a pre-computed kernel or
a look-up table of kernels;
creating corrected data in response to said uncor-
rected k-space data point, said input array and said
obtained kernel, wherein said creating includes:
correcting said uncorrected k-space data point for
gradient non-linearities, wherein said correct-
ing 1s performed 1n k-space; and
correcting said uncorrected k-space data point for
table movement; and
adding said corrected data nto said summation
array; and
reconstructing the image 1n response to said summation
array.
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